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Abstract
Individuals with a predisposition to empathize engage with sad music in a compelling way, experiencing overall more pleasur-
able emotions. However, the neural mechanisms underlying these music-related experiences in empathic individuals are un-
known. The present study tested whether dispositional empathy modulates neural responses to sad compared with happy music.
Twenty-four participants underwent fMRI while listening to 4-min blocks of music evoking sadness or happiness. Using voxel-
wise regression, we found a positive correlation between trait empathy (with scores assessed by the Interpersonal Reactivity
Index) and eigenvector centrality values in the ventromedial prefrontal cortex (vmPFC), including the medial orbitofrontal cortex
(mOFC). We then performed a functional connectivity (FC) analysis to detect network nodes showing stronger FC with the
vmPFC/mOFC during the presentation of sad versus happy music. By doing so, we identified a “music-empathy” network
(vmPFC/mOFC, dorsomedial prefrontal cortex, primary visual cortex, bilateral claustrum and putamen, and cerebellum) that is
spontaneously recruited while listening to sad music and includes brain regions that support the coding of compassion,
mentalizing, and visual mental imagery. Importantly, our findings extend the current understanding of empathic behaviors to
the musical domain and pinpoint sad music as an effective stimulus to be employed in social neuroscience research.
Keywords Trait empathy . Sadmusic . Social neuroscience .Music & emotion . fMRI
Introduction
Empathy is one of the most remarkable human abilities that
allows, for instance, to understand what it feels like to expe-
rience someone else’s joy or sadness and that ultimately pro-
motes meaningful social interaction. Empathic behaviors are
diverse and include resonating affectively with others’ emo-
tions (affective empathy or experience sharing) and
comprehending others’ mental and affective states (cognitive
empathy ormentalizing) (Zaki & Ochsner, 2012). While shar-
ing another person’s positive emotion is doubtlessly pleasant,
shared negative affective experiences can be challenging and
may lead to empathic distress, a maladaptive empathic re-
sponse that is associated with burnout in individuals who are
routinely exposed to the suffering of others, such as physi-
cians, nurses, and therapists (McCray et al., 2008).
Compassion represents an alternative empathic reaction to
sharing a negative emotion. In contrast to empathic distress,
compassion is characterized by positive feelings of warmth
and care as well as strong prosocial motivation and approach
components (Singer & Klimecki, 2014). Research on the
neural underpinnings of affective empathy has predominant-
ly focused on empathy for physical pain, revealing that the
medial/anterior cingulate cortex and the anterior insula are
consistently activated during first-hand experience of pain as
well as while observing another person in pain (Jackson
et al., 2005; Lamm et al., 2010; Singer et al., 2004; for a
meta-analysis see Lamm et al., 2011). Although the neuro-
imaging literature on compassion is limited compared with
the one on empathy for pain, a number of studies have
underlined the role of nonoverlapping brain structures, such
as the medial orbitofrontal cortex (mOFC), putamen,
pallidum, and ventral tegmental area, extending the dissoci-
ation between empathic distress and compassion from the
psychological to the neural level (Klimecki et al., 2012;
Klimecki et al., 2013). With regard to cognitive empathy,
the dorsomedial prefrontal cortex (dmPFC), the superior
temporal sulcus/temporoparietal junction, the posterior
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cingulate cortex, and the temporal poles are reliably engaged
when participants are asked to make judgments about targets’
beliefs, thoughts, intentions, and emotions (Denny et al.,
2012; Mitchell, 2009; Pehrs et al., 2018; Preckel et al., 2018;
Van Overwalle & Baetens, 2009).
Although social neuroscientists have traditionally investi-
gated empathy as an interpersonal phenomenon directed to
human beings (e.g., Lamm et al., 2010), empathic responses
also extend to aesthetic contexts (i.e., imagined affective ex-
periences, beliefs, or intentions of inanimate characters of the
artwork or of the artist) and, in fact, empathy is considered to
be a constitutive element of the aesthetic experience in cinema
(D’Aloia, 2012), figurative art (Freedberg & Gallese, 2007),
literature (Johnson et al., 2013), and music (Levinson, 1997).
As argued by the philosophers Robert Vischer (1873) and
Theodor Lipps (1903), appreciation of art draws crucially on
the beholders’ ability to resonate with the piece of art, thereby
underlining the importance of individual characteristics and
suggesting that highly empathic individuals may have more
intense and pleasurable aesthetic experiences. These philo-
sophical accounts of “aesthetic” empathy have stressed its
affective component rather than the cognitive one. However,
mentalizing processes also are at play in aesthetic contexts,
such as music listening. Similar to other art forms, music is the
product of—and therefore is expressive of—human feelings,
but also beliefs, and intentions. By conveying meaning and
signaling inferred intentions, music can act as social agent (or
virtual surrogate for social interaction; Schäfer & Eerola,
2018), even in the absence of any perceptual information in-
dicating the presence of a human agent (Livingstone &
Thompson, 2009). In line with this perspective, a previous
fMRI study, comparing man-made music versus music that
participants believed to have been generated by a computer,
demonstrated that the former recruits brain areas involved in
the attribution of mental states or mentalizing, such as the
dmPFC (Steinbeis & Koelsch, 2009). These empirical find-
ings add to the theoretical accounts of music as a stimulus with
social significance and call for a more systematic investigation
of the neural correlates of empathy-related processes (both
affective and cognitive) in musical contexts (Clarke et al.,
2015). In particular, sad-sounding music (henceforth referred
to as “sad music”) may act as a powerful and sophisticated
“social” stimulus to map the empathic brain, being capable to
evoke multifaceted, yet mostly pleasurable, intense affective
experiences despite sadness being a negative emotion (Eerola
et al., 2018; Sachs et al., 2015).
On the behavioral level, music-and-emotion studies have
provided mounting evidence, yet merely correlational in na-
ture and limited by the use of convenience samples, of a close
relationship between empathy disposition and enjoyment as
well as sensitivity to sad music. Specifically, individuals who
score high on self-report questionnaires of empathy, the most
widely used scale being the Interpersonal Reactivity Index
(IRI; Davis, 1980), experience more intense emotions, a feel-
ing of “being moved”, and enjoyment while listening to sad
music compared with individuals who score low (Eerola et al.,
2016; Garrido & Schubert, 2011; Kawakami & Katahira,
2015; Taruffi & Koelsch, 2014; Vuoskoski & Eerola, 2012;
Vuoskoski et al., 2012). The association between trait empa-
thy and sad music draws not only on emotional but also cog-
nitive aspects of empathy, as indicated by the positive corre-
lation between the empathy subscale fantasy of the IRI (which
assesses the tendency to transpose one’s self imaginatively
into the feelings and actions of fictitious characters in books,
movies, and plays; Davis, 1980) and the liking as well as the
intensity of sad music (Taruffi & Koelsch, 2014; Vuoskoski
et al., 2012). These findings suggest that sad music may trig-
ger empathic listeners to fantasize about mental images related
to the unfolding of the music. Interestingly, this is in line with
recent evidence that sad (compared with happy) music is as-
sociated with higher levels of mind-wandering in the form of
visual mental images and the engagement of the default mode
network (Taruffi, Pehrs, et al., 2017), which overlaps to a great
extent with the abovementioned core regions involved in
mentalizing (e.g., Mars et al., 2012). Only one previous
fMRI study investigated the neural substrates underlying the
relationship between trait empathy and music, providing evi-
dence that individual variance in trait empathy is reflected in
differential recruitment of core empathy networks during mu-
sic listening (Wallmark et al., 2018). Specifically, IRI sub-
scales were found to correlate with activity in regions associ-
ated with both emotional (sensorimotor regions, insular, and
cingulate cortex) and cognitive empathy (prefrontal cortex
and temporoparietal junction) during passive listening tasks.
However, this study featured only simple musical tones and
16-s music excerpts varying in familiarity (familiar and unfa-
miliar) and preference (liking or disliking), but not in emo-
tional tone (e.g., sad or happy). Therefore, it remains to be
tested yet whether empathic participants are particularly sen-
sitive to sad music, showing specific empathy-related brain
activity patterns.
The present study sought to investigate whether empathic
abilities relate to variation in brain network connectivity in
response to sad (vs. happy) music. Participants were scanned
while listening to 4-min blocks of sad and happy music and
subsequently completed the IRI (Davis, 1980). Functional da-
ta were analyzed using Eigenvector Centrality Mapping
(ECM; Lohmann et al., 2010) and Functional Connectivity
(FC), similar to a previous study that investigated “small-
world” networks underlying music-evoked joy (Koelsch &
Skouras, 2014). ECM is a mathematical method that has been
described in detail previously (Lohmann et al., 2010). For
interpretational purposes, ECM derives a measure of
Eigenvector Centrality (EC) for each voxel within a brain
volume, based on timeseries data from each and every other
voxel within the same brain volume. Through an iterative self-
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referential procedure, ECM considers the patterns of intercon-
nectivity across all voxels. The derived EC values correspond
to the level of influence that each voxel exerts over the entire
brain volume activation pattern. Note that EC values do not
only take the number of connections of a voxel into account,
but also the importance of connected voxels. For instance,
Google's PageRank algorithm was based on EC, such that
web domains were not only ranked higher when more other
pages linked to them, but also when those linking pages
themselves were pages to which more other pages linked.
Thus, ECMcan reveal influential, or important, hubs of neu-
ral networks in the human brain. In this study, first a second-
level regressionanalysiswasperformedvoxel-wise,with IRI
scores as the predictor and EC values from the contrasts be-
tween emotion conditions as the outcome variable. Then, the
cluster identified by this analysiswas used as seed region in a
subsequent FC analysis that was performed to identify a net-
work of brain regions underlying empathic individuals’ re-
sponses evoked by sad compared with happy music. We ex-
pected to observe the engagement of brain regions that are
involved in compassion and positive affect, in particular the
mOFC (Klimecki et al., 2012; Klimecki et al., 2013). This
hypothesis was motivated by the fact that empathic individ-
uals show an enhanced enjoyment of sad music, suggesting
that they exhibit patterns of empathic reactions to negatively
valenced stimuli that aremore alignedwith compassion rath-
er than emotional distress. In addition, given the association
between cognitive aspects of dispositional empathy and the
liking of sad music (Taruffi & Koelsch, 2014; Vuoskoski
et al., 2012), we anticipated the engagement of mentalizing
brain regions, specifically the dmPFC, because of its role in
social inferences of traits and scripts about other people (Van
Overwalle, 2009). Moreover, the recruitment of the dmPFC
has previously been observed in music studies exploring: (i)
neural associations with trait empathy (Wallmark et al.,
2018); (ii) internally oriented cognitive experiences, such
as mind-wandering in response to sad music (Taruffi,
Pehrs, et al., 2017); and (iii) attribution of mental states
(Steinbeis & Koelsch, 2009). We finally expected that trait
empathy would be associated with activity in the visual cor-
tex, given that previous findings suggested enhanced visual
mental imagery processes during listening to sad music
(Taruffi, Pehrs, et al., 2017).
Methods
Participants
Twenty-four (12 females) right-handed, native German
speakers with no history of neurological problems participated
in this study (mean age = 25.3, age range 21-34). Participants
were screened for depressive symptoms, alexithymia
(alexithymia is associated with difficulties in perception of
sadness conveyed by music; Taruffi, Allen, et al., 2017), and
sensitivity to music reward, using the Quick Inventory of
Depressive Symptomatology (QIDS-SR; Rush et al., 2003),
the Toronto Alexithymia Scale (TAS-20; Bagby et al., 1994),
and the Barcelona Music Reward Questionnaire (BMRQ;
Mas-Herrero et al., 2013), respectively. All participants scored
below 6 on the QIDS-SR and 52 on the TAS-20; thus, none of
the participants were depressive or alexithymic. With regard
to the BMRQ, all participants scored between 40 and 60 on
the two factors of emotion evocation and mood regulation,
indicating an average sensitivity to reward derived from
music-evoked emotional experiences. None of the participants
were professional musicians. 58.3% of the participants were
nonmusicians, 29.2% amateur musicians, and 12.5% semipro-
fessional musicians. Participants’ favorite musical genres fell
into the following categories: 25.7% rock, 20% electronic,
15.7% pop, 15.7% classical and soundtrack, 12.8% jazz,
5.7% reggae, and 4.4 % other. All participants provided in-
formed consent in a manner approved by the Ethics
Committee of the Freie Universität Berlin, and the experiment
was performed in accordance with ethical standards outlined
by the Declaration of Helsinki. Participants either received
course credit or 10€/h for participation.
Music stimuli
The stimulus set consisted of four pairs of sad-happy excerpts
of instrumental film soundtracks, capable of evoking sad and
happy emotions, respectively. Each sad-happy pair had the
same tempo (measured in beats per minute, BPM) and fea-
tured an acoustically identical beat track, leading to the same
perceived tempo and similar vestibular responses for sad and
happy music (for more information about the stimulus
preparation see Taruffi, Pehrs, et al., 2017). There were four
“short” (35–37 s) and four “long” (1.18–1.30min) excerpts,
counterbalanced across conditions. All excerpts were edited to
have 1.5-s fade in/out ramps and were RMS (root mean
square) normalized to have the same loudness. Stimuli of the
same emotion category were concatenated into blocks of 4-
min duration (no stimulus was repeated) to ensure optimal
data for the application of ECM analysis, which typically re-
quires relatively long trial periods but has the advantage that
only one trial per condition is sufficient per subject (Lohmann
et al., 2010).
Self-report measure of trait empathy
Individual differences in trait empathy were measured through
the validated German version (Paulus, 2009) of the IRI
(Davis, 1980). The IRI is one of the most commonly used
self-report questionnaires of dispositional empathy, which
builds on a multidimensional conceptualization of empathy,
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including cognitive and affective aspects, and has been con-
sistently used in previous studies that examined the relation-
ship between sad music and trait empathy (e.g., Vuoskoski
et al., 2012). Global empathy scores showed a M of 15.4
and a SD of 1.37 (corresponding M of German population
norms = 14.49, and SD = 3.17; Paulus, 2009).
Procedure
Because familiarity can strongly affect music-evoked emo-
tions and their neural correlates (Pereira et al., 2011), approx-
imately twoweeks before the scanning session the participants
were tested on their familiarity with the music stimuli to en-
sure that they were unfamiliar with the selected music ex-
cerpts. Participants listened to short excerpts (15 s) of the
stimuli and indicated their familiarity with each excerpt on a
scale ranging from 1 (“I have never heard this piece before”)
to 5 (“I know this piece”). Participants were not included in
the fMRI session if they were familiar with any of the music
pieces. A paired t-test showed that there was no significant
difference in familiarity between the happy [1.62 ± 0.57 (M ±
SD)] and the sad pieces (1.57 ± 0.63), P > 0.05.
In the scanning session, participants listened to the 4-min
sad and happy music blocks presented in a pseudo-
randomized order. Stimuli were presented via MRI-
compatible headphones (under which participants wore ear-
plugs) at a comfortable volume level and participants were
instructed to close their eyes and relax during the music lis-
tening. Eachmusic block was followed by: (i) a 2-s signal tone
indicating participants to open their eyes; (ii) a 16-s evaluation
period during which participants were asked to indicate their
overall emotional state during the 4-min music period using a
response pad they held in their right hands; and (iii) a 10-s
silence period to avoid emotional crossover between different
blocks of stimuli.
For the emotion evaluation in response to the music, par-
ticipants were instructed to focus on their emotional experi-
ence (i.e., felt emotions) rather than the emotional tone that the
music was intended to convey (i.e., perceived emotion). We
decided to assess only felt emotions, because the link between
trait empathy and sad music has been reported mainly on
experiential rather than perceptual level (e.g., Vuoskoski, &
Eerola, 2012). Furthermore, no clear findings are available to
substantiate the claim that behavioral differences between felt
and perceived emotions correspond to separate underlying
neural correlates (e.g., Koelsch, 2014). Participants rated their
felt emotions on four 6-point scales representing valence
(“How unpleasant/pleasant did you feel during the music lis-
tening?”), arousal (“How calm/aroused did you feel during the
music listening?”), sadness (“How sad did you feel during the
music listening?”), and happiness (“How happy did you feel
during the music listening?”). The answer scales ranged from
1 (“very unpleasant”, “very calm”, “not at all”) to 6 (“very
pleasant”, “very aroused”, “very much so”).
The total length of the fMRI session was approximately
27min and, besides the two experimental conditions, included
also listening to two blocks of dissonant and neutral music as
well as a resting state scanning session with no music (these
scans were acquired to fulfill other research purposes). All 24
participants completed the IRI after the scanning session.
fMRI data acquisition and data analysis
MRI data were acquired on a 3T Siemens Magnetom Trio
MRI scanner, at the Dahlem Institute for Neuroimaging of
Emotion. Before functional scanning, a high-resolution (1 ×
1 × 1 mm) T1-weighted anatomical reference image was ob-
tained from each participant using a rapid acquisition gradient
echo (MP-RAGE) sequence. Functional data were acquired
using a continuous echo planar imaging (EPI) sequence (37
slices interleaved; slice thickness = 3 mm; interslice gap = 0.6
mm; TE = 30 ms; TR = 2,250 ms; flip angle = 70°; matrix =
64x64; FOV = 192 x 192 mm). To minimize susceptibility
artifacts in areas, such as the orbitofrontal cortex and the tem-
poral lobes, the acquisition window was tilted at an angle of
30° to the intercommissural (AC-PC) plane (Deichmann et al.,
2003; Weiskopf et al., 2007), similar to previous studies
(Koelsch et al., 2013; Koelsch & Skouras, 2014).
Functional images were preprocessed and analyzed using
LIPSIA 2.1 (Lohmann et al., 2001). Each participant’s ana-
tomical T1 data were used to derive nonlinear transformation
matrices between the participant’s native space and MNI-
space. Data were corrected for slicetime acquisition, realigned
and normalized, by applying the derived transformation ma-
trices, intoMNI-space-registered images with isotropic voxels
of 3 mm3. A high-pass filter with a cutoff frequency of 1/90
Hzwas used to remove low-frequency drifts in the fMRI time-
series, and a spatial smoothing was performed using a
Gaussian kernel of 6 mm full-width at half-maximum. The
mean signal value per scanned volume was computed and
regressed out of each participant's data. To control for motion
artifacts, the movement parameters of each participant also
were regressed out of the respective fMRI time-series.
Whole-brain EC maps were computed separately for each
participant during each 4-min experimental condition. Global
empathy scores were used as the regressor of interest, with age
and gender as covariates of no interest (as in Koelsch et al.,
2013), in a second-level designmatrix comparing EC between
the two experimental conditions using voxel-wise paired sam-
ple t-tests. Regression was used, because empathy scores were
normally distributed, as confirmed by a Kolmogorov-Smirnov
test, D(24) = 0.16, P > 0.05. Results of this multiple regression
analysis were corrected for multiple comparisons using
cluster-size and cluster-value thresholds obtained by Monte
234 Cogn Affect Behav Neurosci (2021) 21:231–241
Carlo simulations with a significance level of P < 0.05
(Lohmann et al., 2008).
FC analysis was conducted using as seed region the cluster
identified by the above-described voxel-wise regression anal-
ysis between EC and empathy scores. The average time-
course of activity within the seed region was extracted and
regressed against activity in the rest of the brain, separately
for the sad and happy music conditions. FC maps were first
computed separately for each participant and later normalized
across the whole sample. Then, FC maps were compared be-
tween the two experimental conditions using paired sample t-
tests corrected for multiple comparisons (using cluster-size
and cluster-value thresholds obtained by Monte Carlo simula-




Paired t-tests showed that valence ratings did not significantly
differ between sad (4.29 ± 1.46) and happy music (5.21 ±
0.88), P = 0.013 (Bonferroni-adjusted alpha level of .012),
suggesting that sad music also was associated to some extent
with pleasurable emotional experiences. Similarly, arousal rat-
ings did not significantly differ between sad (3.21 ± 1.18) and
happymusic (3.75 ± 0.9), P = 0.04 (Bonferroni-adjusted alpha
level of 0.012), in accordance with the use of music stimuli
controlled for tempo characteristics. Furthermore, sadness rat-
ings were significantly higher during sad (4.54 ± 0.83) com-
pared with happy music (1.5 ± 0.83), t(23) = 10.90, P < 0.001.
Inversely, happiness ratings were significantly higher during
happy (5.42 ± 0.72) compared with sad music (2.71 ± 1.27),
t(23) = 8.74, P < 0.001.
fMRI results
Significant positive correlations between EC and the total em-
pathy scores were observed in a cluster of voxels located in the
vmPFC, including (but not restricted to) the mOFC (Fig. 1;
Table 1), suggesting that the vmPFC is more crucial to emo-
tional processes in people with high empathy scores. This EC
cluster exhibited significantly stronger functional connectivity
during sad than during happy music with the dmPFC, primary
visual cortex (V1), bilateral claustrum (CL), putamen (PT),
and cerebellum (CB) (Fig. 2; Table 1). The V1 exhibited the
strongest connectivity and was by far the largest target region
identified (Table 1). Conversely, no region was found to show
significantly stronger functional connectivity with the
vmPFC/mOFC during happy compared with sad music.
Discussion
This study explored how dispositional empathy modulates
neural responses to sad (compared with happy) music.
Previous behavioral investigations highlighted that the expe-
rience underlying listening to sad music is highly modulated
by trait empathy, which leads to variability in emotional va-
lence. Using ECM in combination with FC, we demonstrate
that individual differences in trait empathy are associated with
higher centrality within a distributed network of brain areas
encompassing vmPFC/mOFC, dmPFC, V1, CL/PT, and CB,
which are engaged while listening to sad (vs. happy) music.
The vmPFC/mOFC acts as a “computational hub” and the
remaining brain areas as functionally connected nodes.
In accordance with our hypothesis, the ECM results re-
vealed that empathy scores correlated with centrality values
in the mOFC (part of a larger cluster covering the vmPFC).
The mOFC has been recently indicated as core hub of the
compassion network (Singer & Klimecki , 2014).
Specifically, activations of the mOFC have been reported in
meditation-naïve participants who, after following a short-
term compassion training, were exposed to short film excerpts
depicting human suffering (Klimecki et al., 2013).
Furthermore, patients with damage in the vmPFC exhibit im-
paired empathy, poor decision making, and a deterioration of
“moral character,” because they are unable to generate the
feelings that guide adaptive decision making in healthy indi-
viduals (Anderson et al., 1999; Bechara et al., 1996; Shamay-
Tsoory, 2007). Similarly, activations of the vmPFC have been
previously related to affective empathy (Hynes et al., 2006;
Mobbs et al., 2009; Saxe, 2006; Völlm et al., 2006), in partic-
ular to empathy for positive emotions (Morelli et al., 2014). In
light of these previous findings, the observed data suggest that
listeners with a predisposition to empathize took a compas-
sionate, rather than distressed, stance toward sad music. This
is in line with (i) the observed high centrality in two bilateral
clusters encompassing the PT (Table 1), another core region
of the compassion network (Klimecki et al., 2012), and (ii) the
fact that we did not observe activity in regions typically in-
volved in empathy for pain (Jackson et al., 2005; Lamm et al.,
2011; Singer et al., 2004). Notably, our finding ties in well
with the music-and-emotion literature revealing that enjoy-
ment of sad music is positively correlated with trait empathy
(Garrido & Schubert, 2011; Kawakami & Katahira, 2015;
Taruffi & Koelsch, 2014; Vuoskoski, et al., 2012). It is im-
portant tomention that, in this study, the observed centrality of
the vmPFC/mOFC was not a result of familiarity effects with
sad music (as inWallmark et al., 2018). Sad and happy stimuli
were in fact controlled for familiarity and participants were
equally unfamiliar to both emotion conditions (see Methods).
We obtained also evidence for the involvement of the
dmPFC, which exhibited functional connectivity with the
vmPFC/mOFC during sad compared with happy music. The
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dmPFC plays a pivotal role in mentalizing (e.g., Amodio &
Frith, 2006), and specifically in the attribution of enduring
traits and qualities about others (Van Overwalle, 2009).
Interestingly, activity in the dmPFC predicts altruistic behav-
ior (Moll et al., 2006; Waytz et al., 2012), consistent with the
view that prosocial tendencies rely on the capacity to under-
stand the minds of others. In line with our result, a previous
music study found that trait empathy correlates with activity in
the mPFC during listening to familiar versus unfamiliar music
(Wallmark et al., 2018). Therefore, the observed functional
connection between the vmPFC/mOFC and dmPFC may sug-
gest that empathic participants engaged with mentalizing-
related computations, such as, e.g., fantasizing about other
people or fictional characters to undergo imagined events.
Levinson (1997) has previously argued that experiencing mu-
sic as a narrative is one compelling way through which
listeners empathize with the music (another common music-
empathy mechanism is emotional contagion, where the listen-
er internally mirrors the perceived emotional expression of
music by means of physiological feedback of muscular and
autonomic activity; Juslin & Västfjäll, 2008; Lundqvist et al.,
2009). This mechanism of cognitive empathy in music is sim-
ilar to what readers dowith a novel's fictional character (Tamir
et al., 2015), but with the difference that listeners can imagine
their own narrative unfolding on the basis of the musical
events. Notably, simulation of other people’s minds during
reading is crucially supported by the default mode network
and in particular by the dmPFC, which responds preferentially
to passage with social and abstract content (Tamir et al.,
2015).
The observed functional connection between vmPFC and
V1 during sad compared with happy music is in line with our
hypothesis, suggesting an association between visual mental
imagery processes and listening to sad music, although the
causal direction of this relationship requires further investiga-
tion. Neuroimaging literature has provided clear evidence of a
large overlap between visual perception and visual imagery.
Specifically, the early visual cortex (V1) supports the con-
struction of visual mental images (Kosslyn & Thompson,
2003). This parallel between cognitive resources involved in
imagery and perception also largely applies to the other sen-
sory modalities (Kosslyn et al., 2001). Music very often stim-
ulates internal images in the listener (Küssner & Eerola,
2019), consisting of pictorial representations (natural land-
scape, colors), embodied image-schemata (picturing a melod-
ic movement as an ascending or descending image), or com-
plex visual narratives (similar to a movie) (Taruffi & Küssner,
2019). Sad music has been found to trigger enhanced mind-
wandering in the form of visual mental imagery with emotion-
and nature-related content (Taruffi, Pehrs, et al., 2017).
Table 1. Results of empathy correlation and functional connectivity analyses for the contrast sad > happy, corrected for multiple comparisons (P <
0.05)
Anatomical location MNI coordinates Cluster size (mm3) z-value: max (mean)
Empathy correlation
vmPFC/mOFC -3 36 -14 1,053 3.28 (2.75)
FC (seed region: vmPFC/mOFC)
dmPFC 9 48 37 972 3.09 (2.78)
L. CL/PT -24 12 10 5,238 3.77 (2.93)
R. CL/PT 27 -6 10 1,404 3.35 (2.79)
CB (lobule V, 70%) -3 -60 -5 1,026 3.46 (2.84)
Calcarine sulcus (V1, 90%) -6 -90 1 15,255 4.47 (3.11)
Outermost right column shows the maximal z-value within a cluster (with the mean z-value of all voxels within a cluster in parentheses). Percentage in
parentheses indicates the anatomical probability according to the SPM Anatomy Toolbox (Eickhoff et al., 2005). CB = cerebellum; CL = claustrum;
dmPFC = dorsomedial prefrontal cortex; mOFC = medial orbitofrontal cortex; PT = putamen; V1 = primary visual cortex; vmPFC = ventromedial
prefrontal cortex.
Fig. 1. Results of the correlation analysis between eigenvector centrality
maps and empathy scores. Positive correlations (shown in red-yellow
colors) were found in a cluster located in the ventromedial prefrontal
cortex, including inferiorly part of the orbitofrontal cortex. Results were
controlled for age and gender, and corrected for multiple comparisons (P
< 0.05). Coordinates refer to MNI space.
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Moreover, previous fMRI studies of music and emotion re-
ported the engagement of the primary and secondary visual
cortices during music listening (Koelsch & Skouras, 2014;
Trost et al., 2012; Wallmark et al., 2018). In these
experiments—as in the current one—participants underwent
scanning with their eyes closed. Therefore, the present data
support our hypothesis that individuals who are prone to em-
pathize exhibit enhanced activity of V1 and that this pattern is
more pronounced during listening to sad compared with hap-
py instrumental filmmusic. Importantly, of the observed func-
tionally connected structures, V1 exhibited the highest central-
ity values and was by far the largest region, suggesting that
visual mental imagery might be a central mechanism underly-
ing empathic individuals’ responses to sad music.
Furthermore, these findings lead to the intriguing hypothesis
to be tested by future research that experiencing vivid visual
mental imagery may facilitate empathic participants to trans-
pose themselves into the feelings and thoughts of their imag-
ined characters or events during the music.
Of particular interest is the functional connection between
the vmPFC and bilateral CL during sad compared with happy
music. The CL—whose function has remained rather obscure
to date—is a thin, irregular sheet of gray matter that lies below
the general region of the insular cortex and above the PT
(Crick & Koch, 2005). The CL has extensive reciprocal con-
nections to almost all cortical areas and also to a number of
subcortical areas, including lateral amygdala, caudate, PT, and
globus pallidus (Fernandez-Miranda et al., 2008; LeVay &
Sherk, 1981; Park et al., 2012). Due to these widespread con-
nections, Crick and Koch (2005) proposed that the CL syn-
chronizes and binds separate multisensory information, in-
cluding perceptual, cognitive, motor and emotional content,
to form a unitary, single object, thus serving as a conscious-
ness center for the brain. This proposal is consistent with a
number of neuroimaging studies showing the involvement of
the CL in tasks in which integration of multimodal informa-
tion is required (Banati et al., 2000; Baugh et al., 2011).
Changes in claustral activity in neuroimaging studies of music
and emotion are rather uncommon; however, this may be due
to the small size of the CL and its proximity to the insula (i.e.,
instead more commonly engaged during music listening; see,
for example, Caria et al., 2011), which make it challenging to
discriminate between claustral and insular activity. The func-
tional connectivity between vmPFC and CL observed in the
present study is consistent with anatomical bidirectional pro-
jections from the CL to the PFC (Park et al., 2012; Tanné-
Gariépy et al., 2002) and suggests a role of the CL in the
integration of the different affective, perceptual, and cognitive
processes underlying listening to sad music. Regarding the
functional connection between vmPFC and CB, changes in
cerebellar activity have been previously linked to dispositional
empathy (Jackson et al., 2005; Moriguchi et al., 2007; Singer
et al., 2004). In particular in the study by Singer et al. (2004),
individuals scoring higher on empathy (as measured by the
empathic concern subscale of the IRI and the Balanced
Emotional Empathy Scale from Mehrabian & Epstein, 1972)
showed higher pain-related activity in ACC, left AI, and also
lateral right cerebellum. Another possible interpretation could be
related to rhythmic entrainment. The cerebellum is involved in the
neural tracking of rhythm (e.g., Nozaradan et al., 2017), and trait
empathy is positively associated with (sensorimotor) rhythmic
entrainment abilities (e.g., Bamford & Davidson, 2019).
In the broad context, our findings extend the current under-
standing of empathic behaviors to the musical, and in general
aesthetic, domain. In line with the previous account of com-
passion as a social emotion characterized by a concern for
another person’s suffering, which is accompanied by positive
feelings and a motivation to help (Singer & Klimecki, 2014),
Fig. 2. Results of the comparison of functional connectivity maps
between the sad and happy condition (sad > happy). The cluster
located in the ventromedial prefrontal cortex (vmPFC) extending to the
medial orbitofrontal cortex showed stronger functional connectivity with
the dorsomedial prefrontal cortex (dmPFC), primary visual cortex (V1),
bilateral claustrum (CL)/putamen, and cerebellum (CB). Results were
corrected for multiple comparisons (P < 0.05). Coordinates refer to
MNI space.
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our study shows that trait empathy is correlated with centrality
values within brain regions (mOFC and PT) that are crucially
involved in the generation of compassionate feelings also in
response to music—an abstract stimulus that does not contain
any explicit reference to a human agent. In addition, in our
study empathic participants exhibited enhanced centrality
values in brain regions that typically underlie social cognition
(dmFPC) and mental imagery (V1). Overall, these centrality
patterns were specific for sad music, suggesting that this type
of music may constitute an effective social signal that triggers
specific empathy-related processes in individuals who are al-
ready prone to empathy. Although we did not find any signif-
icant result for the contrast happy versus sad, our findings do
not exclude the possibility that the observed patterns of cen-
trality during sad music also may be at play during happy
music. People may find it easier to engage with happy rather
than sad music, given that the latter represents a more complex
emotion with positive and negative nuances, which could be
more readily available to empathic individuals who are prone
to transfer themselves into others’ emotions and perspectives;
such difference may consequently lead to a range of more
sophisticated or enhanced neural responses to sad music in
high-empathy participants (e.g., integrating complex affective
and cognitive processes), as suggested by the present study.
Furthermore, our findings underscore the importance of
considering individual differences when investigating the neu-
ral mechanisms underlying musical experiences. This is par-
ticularly relevant for the case of sad music, where individual
characteristics play a key role. A piece of sad music can be
associated with feelings of sorrow or be experienced as plea-
surable by someone else. Therefore, future neuroimaging re-
search should foster experimental paradigms that take into
account the variance brought about by individual differences
in emotional responses to music. Although previous accounts
of music-empathy focused predominantly on emotional con-
tagion (e.g., Davies, 2011; Juslin & Västfjäll, 2008; Lundqvist
et al., 2009), our study points to more sophisticated forms of
empathy, involving compassion, mentalizing, and fantasy
processes. Clearly, this could be due to the particular music
genre of the stimuli employed in this study—film
soundtrack—and a question arises about the extent to which
the current results can be generalized to other music genres.
Film music is in fact particularly effective in facilitating lis-
teners to conjure up visual images and to evoke intense emo-
tions as well as vivid daydreams. Therefore, this issue should
be addressed by future research employing stimuli from other
music genres.
In future studies, it would be important to show how in
empathic individuals the observed neural activity pattern
maps onto behavioral responses to sad music. Our data along
with evidence collected by previous studies (Eerola et al.,
2016; Garrido & Schubert, 2011; Kawakami & Katahira,
2015; Taruffi & Koelsch, 2014; Vuoskoski & Eerola, 2012;
Vuoskoski et al., 2012) suggest that empathic individuals ex-
perience more complex emotional responses toward sad mu-
sic, including both positive and negative facets. However, this
needs to be validated by using a more thorough behavioral
assessment in the scanner. Nevertheless, our study still pro-
vides an intriguing step forward in the scholarship concerning
empathy and sad music by showing that a unique network of
brain regions related to individual differences in trait empathy
is significantly more active for sad music than for happy mu-
sic. Finally, although we estimated our target sample on pre-
vious research that successfully identified neural correlates of
emotional personality using music (Koelsch et al., 2013), we
underline here the necessity for future research to increase
sample size. Because our sample is relatively small in the
context of individual differences research, it could be possible
that more potential results have been missed.
Conclusions
This study identified a distributed brain network associated
with individual differences in trait empathy and spontaneously
recruited during listening to sad music. This “music-empathy”
network comprises brain regions subserving coding of com-
passion, mentalizing, and visual mental imagery. In addition,
a novel site of activation was found in the CL, showing its
involvement in a music listening task. Our study contributes to
the increasingly sophisticated understanding of the empathic
brain, mapping neural dynamics to specific individual charac-
teristics. In this sense, our results are promising because they
suggest that the variation in brain-network connectivity pro-
vides a valid marker of empathic abilities. Moreover, the fact
that music acts as a social stimulus—by triggering empathic
individuals to undergo enhanced emotional and cognitive
experiences—opens novel possibilities, involving the use of
music tasks, for social neurosciences and, in general, speaks
about the importance of empathy in aesthetic contexts (an
issue that has been discussed by philosophers but mostly
overlooked by neuroscientists).
Acknowledgments The authors thank T. Eerola for comments on the
manuscript. This work was partly funded by the German Research
Foundation (DFG, Cluster of Excellence “Languages of Emotion,”
EXC302).
Open Practices Statement The data and materials for the experiment
can be made available upon request, and the experiment was not
preregistered.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
238 Cogn Affect Behav Neurosci (2021) 21:231–241
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
References
Amodio, D. M., & Frith, C. D. (2006). Meeting of minds: The medial
frontal cortex and social cognition.Nature Reviews Neuroscience, 7,
268-77.
Anderson, S. W., Bechara, A., Damasio, H., Tranel, D., & Damasio, A.
R. (1999). Impairment of social and moral behavior related to early
damage in human prefrontal cortex. Nature Neuroscience, 2, 1032-
7.
Bagby, R. M., Parker, J. D., & Taylor, G. J. (1994). The twenty-item
Toronto Alexithymia Scale—I. Item selection and cross-validation
of the factor structure. Journal of Psychosomatic Research, 38, 23-
32.
Bamford, J. M. S., & Davidson, J. W. (2019). Trait Empathy associated
with Agreeableness and rhythmic entrainment in a spontaneous
movement to music task: Preliminary exploratory investigations.
Musicae Scientiae, 23, 5-24.
Banati, R. B., Goerres, G. W., Tjoa, C., Aggleton, J. P., & Grasby, P.
(2000). The functional anatomy of visual-tactile integration in man:
A study using positron emission tomography. Neuropsychologia,
38, 115–124.
Baugh, L. A., Lawrence, J. M., & Marotta, J. J. (2011). Novel claustrum
activation observed during a visuomotor adaptation task using a
viewing window paradigm. Behavioural Brain Research, 223,
395–402.
Bechara, A., Tranel, D., Damasio, H., & Damasio, A. R. (1996). Failure
to respond autonomically to anticipated future outcomes following
damage to prefrontal cortex. Cerebral Cortex, 6, 215-25.
Caria, A., Venuti, P., & de Falco, S. (2011). Functional and dysfunctional
brain circuits underlying emotional processing of music in autism
spectrum disorders. Cerebral Cortex, 21, 2838-49.
Clarke, E., DeNora, T., & Vuoskoski, J. (2015). Music, empathy and
cultural understanding. Physics of Life Reviews, 15, 61-88.
Crick, F. C., & Koch, C. (2005). What is the function of the claustrum?
Philosophical Transactions of the Royal Society of London B:
Biological Sciences, 360, 1271-9.
D’Aloia, A. (2012). Cinematic empathy: Spectator involvement in the
film experience. In: D. Reynolds & M. Reason (eds). Kinesthetic
Empathy in Creative and Cultural Practices.Bristol: Intellect. p. 93-
107.
Davies, S. (2011). Infectious music: Music-listener emotional contagion.
In: A. Coplan & P. Goldie (eds). Empathy. Philosophical and
Psychological Perspectives. Oxford, UK: Oxford University Press.
p. 134-48.
Davis, M. H. (1980). A multidimensional approach to individual differ-
ences in empathy. JSAS Catalog of Selected Documents in
Psychology, 10, 85.
Deichmann, R., Gottfried, J. A., Hutton, C., & Turner, R. (2003).
Optimized EPI for fMRI studies of the orbitofrontal cortex.
Neuroimage, 19, 430-41.
Denny, B. T., Kober, H.,Wager, T. D., & Ochsner, K. N. (2012). Ameta-
analysis of functional neuroimaging studies of self and other judg-
ments reveals a spatial gradient for mentalizing in medial prefrontal
cortex. Journal of Cognitive Neuroscience, 24, 174-252.
Eerola, T., Vuoskoski, J. K., & Kautiainen, H. (2016). Being moved by
unfamiliar sad music is associated with high empathy. Frontiers in
Psychology, 7, 1176.
Eerola, T., Vuoskoski, J. K., Peltola, H. R., Putkinen, V., & Schäfer, K.
(2018). An integrative review of the enjoyment of sadness associat-
ed with music. Physics of Life Reviews, 25, 100-121.
Eickhoff, S. B., et al. (2005). A new SPM toolbox for combining prob-
abilistic cytoarchitectonic maps and functional imaging data.
Neuroimage, 25, 1325-35.
Fernandez-Miranda, J. C., Rhoton, A. L., Jr., Kakizawa, Y., Choi, C., &
Alvarez-Linera, J. (2008). The claustrum and its projection system
in the human brain: A microsurgical and tractographic anatomical
study. Journal of Neurosurgery, 108, 764-74.
Freedberg, D., & Gallese, V. (2007). Motion, emotion and empathy in
esthetic experience. Trends in Cognitive Sciences, 11, 197-203.
Garrido, S., & Schubert, E. (2011). Individual differences in the enjoy-
ment of negative emotion in music: A literature review and experi-
ment. Music Perception, 28, 279-96.
Hynes, C. A., Baird, A. A., & Grafton, S. T. (2006). Differential role of
the orbital frontal lobe in emotional versus cognitive perspective
taking. Neuropsychologia, 44, 374-83.
Jackson, P. L., Meltzoff, A. N., & Decety, J. (2005). How do we perceive
the pain of others? A window into the neural processes involved in
empathy. Neuroimage, 24, 771-9.
Johnson, D. R., Cushman, G. K., Borden, L. A., & McCune, M. S.
(2013). Potentiating empathic growth: Generating imagery while
reading fiction increases empathy and prosocial behavior.
Psychology of Aesthetics, Creativity, and the Arts, 7, 306-12.
Juslin, P. N., & Västfjäll, D. (2008). Emotional responses to music: The
need to consider underlying mechanisms. Behavioral and Brain
Sciences, 31, 559-75.
Kawakami, A., & Katahira, K. (2015). Influence of trait empathy on the
emotion evoked by sad music and on the preference for it. Frontiers
in Psychology, 6, 1541.
Klimecki, O. M., Leiberg, S., Lamm, C., & Singer, T. (2012). Functional
neural plasticity and associated changes in positive affect after com-
passion training. Cerebral Cortex, 23, 1552-61.
Klimecki, O. M., Leiberg, S., Ricard, M., & Singer, T. (2013).
Differential pattern of functional brain plasticity after compassion
and empathy training. Social Cognitive and Affective Neuroscience,
9, 873-9.
Koelsch, S. (2014). Brain correlates of music-evoked emotions. Nature
Reviews Neuroscience, 15, 170-80.
Koelsch, S., & Skouras, S. (2014). Functional centrality of amygdala,
striatum and hypothalamus in a “smallworld” network underlying
joy: An fMRI study with music. Human Brain Mapping, 35, 3485-
98.
Koelsch, S., Skouras, S., & Jentschke, S. (2013). Neural correlates of
emotional personality: A structural and functional magnetic reso-
nance imaging study. PLoS One, 8, e77196.
Kosslyn, S. M., Ganis, G., & Thompson, W. L. (2001). Neural founda-
tions of imagery. Nature Reviews Neuroscience, 2, 635-42.
Kosslyn, S. M., & Thompson, W. L. (2003). When is early visual cortex
activated during visual mental imagery? Psychological Bulletin,
129, 723-46.
Küssner, M. B., & Eerola, T. (2019). The content and functions of vivid
and soothing visual imagery during music listening: Findings from a
survey study. Psychomusicology: Music, Mind, and Brain, 29, 90-
99.
Lamm, C., Decety, J., & Singer, T. (2011). Meta-analytic evidence for
common and distinct neural networks associated with directly expe-
rienced pain and empathy for pain. Neuroimage, 54, 2492-502.
Lamm, C., Meltzoff, A. N., & Decety, J. (2010). How do we empathize
with someone who is not like us? A functional magnetic resonance
imaging study. Journal of Cognitive Neuroscience, 22, 362-76.
LeVay, S., & Sherk, H. (1981). The visual claustrum of the cat. I.
Structure and connections. The Journal of Neuroscience, 1, 956-80.
239Cogn Affect Behav Neurosci (2021) 21:231–241
Levinson, J. (1997). Music and negative emotion. In: J. Robinson (ed).
Music and Meaning. Ithaca, NY: Cornell University Press. p. 215-
41.
Lipps , T. (1903) . Einfühlung, innere Nachahmung, und
Organempfindungen [Empathy, inner imitation, and physical sensa-
tion]. Archiv für Psychologie, 1, 185–204.
Livingstone, R. S., & Thompson, W. F. (2009). The emergence of music
from the Theory of Mind. Musicae Scientiae, 13, 83-115.
Lohmann, G., Neumann, J., Müller, T., Lepsien, J., & Turner, R. (2008).
The multiple comparison problem in fMRI—A new method based
on anatomical priors. In: H. Ghassan & A. Rafeef (eds). Workshop
on Analysis of Functional Medical Images. New York, US: New
York University Press. p. 179-87.
Lohmann, G., et al. (2001). Lipsia—a new software system for the eval-
uation of functional magnetic resonance images of the human brain.
Computerized Medical Imaging and Graphics, 25, 449-57.
Lohmann, G., et al. (2010). Eigenvector centrality mapping for analyzing
connectivity patterns in fMRI data of the human brain. PLoS One, 5,
e10232.
Lundqvist, L. O., Carlsson, F., Hilmersson, P., & Juslin, P. (2009).
Emotional responses to music: Experience, expression, and physi-
ology. Psychology of Music, 37, 61-90.
Mars, R. B., Neubert, F. X., Noonan, M. P., Sallet, J., Toni, I., &
Rushworth, M. F. (2012). On the relationship between the “default
mode network” and the “social brain”. Frontiers in Human
Neuroscience, 6, 189.
Mas-Herrero, E., Marco-Pallares, J., Lorenzo-Seva, U., Zatorre, R. J., &
Rodriguez-Fornells, A. (2013). Individual differences in music re-
ward experiences. Music Perception, 31, 118-38.
McCray, L. W., Cronholm, P. F., Bogner, H. R., Gallo, J. J., & Neill, R.
A. (2008). Resident physician burnout: Is there hope? Family
Medicine, 40, 626-32.
Mehrabian, A., & Epstein, N. (1972). A measure of emotional empathy.
Journal of Personality, 40, 525-43.
Mitchell, J. P. (2009). Inferences about mental states. Philosophical
Transactions of the Royal Society of London B: Biological
Sciences, 364, 1309-16.
Mobbs, D., et al. (2009). A key role for similarity in vicarious reward.
Science, 324, 900.
Moll, J., Krueger, F., Zahn, R., Pardini, M., de Oliveira-Souza, R., &
Grafman, J. (2006). Human fronto–mesolimbic networks guide de-
cisions about charitable donation. PNAS, 103, 15623-8.
Morelli, S. A., Rameson, L. T., & Lieberman, M. D. (2014). The neural
components of empathy: Predicting daily prosocial behavior. Social
Cognitive and Affective Neuroscience, 9, 39-47.
Moriguchi, Y., et al. (2007). Empathy and judging other's pain: An fMRI
study of alexithymia. Cerebral Cortex, 17, 2223-34.
Nozaradan, S., Schwartze, M., Obermeier, C., & Kotz, S. A. (2017).
Specific contributions of basal ganglia and cerebellum to the neural
tracking of rhythm. Cortex, 95, 156-168.
Park, S., Tyszka, J. M., & Allman, J. M. (2012). The claustrum and insula
in Microcebus murinus: A high resolution diffusion imaging study.
Frontiers in Neuroanatomy, 6, 21.
Paulus, C. (2009). Der Saarbrücker Persönlichkeitsfragebogen SPF (IRI)
zur Messung von Empathie: Psychometrische Evaluation der
deutschen Version des Interpersonal Reactivity Index [The
Saarbrücken personality questionnaire SPF (IRI) for the measure-
ment of empathy: Psychometric Evaluation of the German version
of the Interpersonal Reactivity Index]. Publication from http://
psydok.sulb.unisaarland.de/volltexte/2009/2363.
Pehrs, C., Zaki, J., Taruffi, L., Kuchinke, L., & Koelsch, S. (2018).
Hippocampal-temporopolar connectivity contributes to episodic
simulation during social cognition. Scientific Reports, 8, 9409.
Pereira, C. S., Teixeira, J., Figueiredo, P., Xavier, J., Castro, S. L., &
Brattico, E. (2011). Music and emotions in the brain: Familiarity
matters. PLoS One, 6, e27241.
Preckel, K., Kanske, P., & Singer, T. (2018). On the interaction of social
affect and cognition: Empathy, compassion and theory of mind.
Current Opinion in Behavioral Sciences, 19, 1-6.
Rush, A. J., et al. (2003). The 16-Item Quick Inventory of Depressive
Symptomatology (QIDS), clinician rating (QIDS-C), and self-report
(QIDS-SR): A psychometric evaluation in patients with chronic ma-
jor depression. Biological Psychiatry, 54, 573-83.
Sachs, M. E., Damasio, A., & Habibi, A. (2015). The pleasures of sad
music: A systematic review. Frontiers in Human Neuroscience, 9,
404.
Saxe, R. (2006). Uniquely human social cognition. Current Opinion in
Neurobiology, 16, 235-9.
Schäfer, K., & Eerola, T. (2018). How listening to music and engagement
with other media provide a sense of belonging: An exploratory study
of social surrogacy. Psychology of Music, 0305735618795036.
Shamay-Tsoory, S. G. (2007). Impaired empathy following ventromedial
prefrontal brain damage. In: T. Farrow & P. Woodruff (eds).
Empathy in Mental Illness. New York, US: Cambridge University
Press. p. 89-110.
Singer, T., & Klimecki, O. M. (2014). Empathy and compassion.Current
Biology, 24, R875-R878.
Singer, T., Seymour, B., O’Doherty, J., Kaube, H., Dolan, R. J., & Frith,
C. D. (2004). Empathy for pain involves the affective but not sen-
sory components of pain. Science, 303, 1157–62.
Steinbeis, N., & Koelsch, S. (2009). Understanding the intentions behind
man-made products elicits neural activity in areas dedicated to men-
tal state attribution. Cerebral Cortex, 19, 619-23.
Tamir, D. I., Bricker, A. B., Dodell-Feder, D., & Mitchell, J. P. (2015).
Reading fiction and reading minds: The role of simulation in the
default network. Social Cognitive and Affective Neuroscience, 11,
215-24.
Tanné-Gariépy, J., Boussaoud, D., & Rouiller, E. M. (2002). Projections
of the claustrum to the primary motor, premotor, and prefrontal
cortices in the macaque monkey. Journal of Comparative
Neurology, 454, 140-57.
Taruffi, L., Allen, R., Downing, J., & Heaton, P. (2017). Individual dif-
ferences in music-perceived emotions: The influence of externally
oriented thinking. Music Perception, 34, 253-66.
Taruffi, L., & Koelsch, S. (2014). The paradox of music-evoked sadness:
An online survey. PLoS One, 9, e110490.
Taruffi, L., & Küssner, M. B. (2019). A review of music-evoked visual
mental imagery: Conceptual issues, relation to emotion, and func-
tional outcome.Psychomusicology: Music, Mind, and Brain, 29, 62-
74.
Taruffi, L., Pehrs, C., Skouras, S., & Koelsch, S. (2017). Effects of sad
and happymusic onmind-wandering and the default mode network.
Scientific Reports, 7, 14396.
Trost, W., Ethofer, T., Zentner, M., & Vuilleumier, P. (2012). Mapping
aesthetic musical emotions in the brain. Cerebral Cortex, 22, 2769-
83.
Van Overwalle, F. (2009). Social cognition and the brain: A meta-analy-
sis. Human Brain Mapping, 30, 829-58.
Van Overwalle, F., & Baetens, K. (2009). Understanding others' actions
and goals by mirror and mentalizing systems: A meta-analysis.
Neuroimage, 48, 564-84.
Vischer, R. (1873). Über das optische Formgefühl: Ein Beitrag zur
Aesthetik [About the optical sense of form: A contribution for aes-
thetics]. Leipzig, Germany: Credner.
Völlm, B. A., et al. (2006). Neuronal correlates of theory of mind and
empathy: A functional magnetic resonance imaging study in a non-
verbal task. Neuroimage, 29, 90-8.
Vuoskoski, J. K., & Eerola, T. (2012). Can sad music really make you
sad? Indirect measures of affective states induced by music and
autobiographical memories. Psychology of Aesthetics, Creativity,
and the Arts, 6, 204-13.
240 Cogn Affect Behav Neurosci (2021) 21:231–241
Vuoskoski, J. K., Thompson, W. F., McIlwain, D., & Eerola, T. (2012).
Who enjoys listening to sad music and why?Music Perception, 29,
311-7.
Wallmark, Z., Deblieck, C., & Iacoboni, M. (2018). Neurophysiological
effects of trait empathy in music listening. Frontiers in Behavioral
Neuroscience, 12, 66.
Waytz, A., Zaki, J., & Mitchell, J. P. (2012). Response of dorsomedial
prefrontal cortex predicts altruistic behavior. The Journal of
Neuroscience, 32, 7646-50.
Weiskopf, N., Hutton, C., Josephs, O., Turner, R., & Deichmann, R.
(2007). Optimized EPI for fMRI studies of the orbitofrontal cortex:
Compensation of susceptibility-induced gradients in the readout di-
rection. Magnetic Resonance Materials in Physics, Biology, and
Medicine, 20, 39-49.
Zaki, J., & Ochsner, K. N. (2012). The neuroscience of empathy:
Progress, pitfalls and promise. Nature Neuroscience, 15, 675-80.
Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
241Cogn Affect Behav Neurosci (2021) 21:231–241
